
Impact of Gastric Banding
Versus Metformin on b-Cell
Function in Adults With Impaired
Glucose Tolerance or Mild
Type 2 Diabetes
Diabetes Care 2018;41:2544–2551 | https://doi.org/10.2337/dc18-1662

OBJECTIVE

Type 2 diabetes (T2D) results from progressive loss of b-cell function. The BetaFat
study compared gastric banding and metformin for their impact on b-cell function
in adults with moderate obesity and impaired glucose tolerance (IGT) or recently
diagnosed, mild T2D.

RESEARCH DESIGN AND METHODS

Eighty-eight people aged 21–65 years, BMI 30–40 kg/m2,with IGT or diabetes known
for <1 year, were randomized to gastric banding or metformin for 2 years.
Hyperglycemic clamps (11.1 mmol/L) followed by arginine injection at maximally
potentiating glycemia (>25 mmol/L) were performed at baseline, 12 months, and
24 months to measure steady-state C-peptide (SSCP) and acute C-peptide response to
arginine at maximum glycemic potentiation (ACPRmax) and insulin sensitivity (M/I).

RESULTS

At 24 months, the band group lost 10.7 kg; the metformin group lost 1.7 kg (P < 0.01).
Insulin sensitivity increased 45% in the band group and 25% in the metformin group
(P = 0.30 between groups). SSCP adjusted for insulin sensitivity fell slightly but not
significantly in each group (P = 0.34 between groups). ACPRmax adjusted for insulin
sensitivity fell significantly in themetformin group (P = 0.002) but not in the band group
(P = 0.25 between groups). HbA1c fell at 12 and 24 months in the band group (P <

0.004) but only at 12 months (P < 0.01) in the metformin group (P > 0.14 between
groups). Normoglycemia was present in 22% and 15% of band and metformin
groups, respectively, at 24 months (P = 0.66 between groups).

CONCLUSIONS

Gastric banding and metformin had similar effects to preserve b-cell function and
stabilize or improve glycemia over a 2-year period in moderately obese adults with
IGT or recently diagnosed, mild T2D.

Type 2 diabetes (T2D) generally results fromaprogressive loss ofb-cell compensation
for chronic insulin resistance, an important measure of b-cell function. There is very
strong cross-sectional (1) and longitudinal (2–4) evidence that b-cell compensation
declines for years before the development of diabetes, often reaching ,50% of
normal in people with impaired glucose tolerance (IGT) or early diabetes. This
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prediabetes period has been the target
of efforts to slow or prevent the de-
velopment of T2D (5–13). Among those
studies, interventions that targeted obe-
sity or its adverse metabolic effects
have produced the greatest relative
and absolute reductions in diabetes in-
cidence rates (14). Some of these stud-
ies have also shown that slowing or
stopping progression to diabetes is as-
sociated with preservation of b-cell
function (5,7,15). However, none of
the interventions used in these studies
has been fully successful in preventing
T2D or preserving or restoring b-cell
function.
The Restoring Insulin Secretion (RISE)

Consortium was established and sup-
ported by the National Institute of
Diabetes and Digestive and Kidney Dis-
eases to test new interventions for their
ability to preserve or restore b-cell func-
tion. The focus of RISE is on people with
two conditions known to represent a
continuum of b-cell dysfunction: IGT
or recently diagnosed, mild T2D (16).
Two multicenter studies are testing
medication-based interventions in adult
and pediatric cohorts; the results of the
Pediatric Medication Study have been
published (17). The present report is
from the third study, Beta Cell Restora-
tion Through Fat Mitigation (the BetaFat
study). BetaFat was a single-center
mechanistic trial to test the impact of
sustained weight loss, induced by lapa-
roscopic gastric banding and nutritional
management, in adults with moderate
obesity and IGT or mild, recently diag-
nosed T2D. Metformin was chosen as a
comparator because of its widespread
clinical use as first-line therapy for T2D
and its demonstrated effectiveness in
reducing diabetes risk in people with
prediabetes. The hypothesis was that
weight loss induced by gastric banding
and nutritional management would have
a greater effect than metformin to pre-
serve or restore b-cell function.

RESEARCH DESIGN AND METHODS

Study Protocol
The rationale and methods for the Beta-
Fat study have been described in de-
tail (16,18). Briefly, enrolled participants
had baseline tests to assess b-cell func-
tion and glucose tolerance, as described
below. They then were randomized to
metformin, titrated to 2,000 mg/day
as tolerated, or gastric banding with

nutritional management. Follow-up vis-
its were scheduled every 2 months
for a year and then every 3 months for
another year to manage interventions
and assess safety. The battery of baseline
tests was repeated 12 and 24 months
after randomization. Additional details
are provided in Supplementary Fig. 1,
reference 16, and the study protocol,
which can be found at https://rise.bsc
.gwu.edu/web/rise/collaborators. The
study was approved by the institu-
tional review boards at the University
of Southern California and Kaiser Perma-
nente Southern California (KPSC). Writ-
ten informed consent was obtained
from each participant, consistent with
the Helsinki Declaration and guidelines
of the participating institutional review
boards.

Participants
Recruitment occurred between June
2013 and June 2016. Main inclusion
criteria were aged 21–65 years; BMI
30–40 kg/m2 despite at least 2 months
on a diet, exercise, and lifestyle modifi-
cation program; fasting glucose .90
mg/dL, 2-h glucose $140 mg/dL on 75-g
oral glucose tolerance test (OGTT), and
HbA1c #7.0%; and for participants with
diabetes, known duration ,1 year; and
no history of antidiabetes medication use
except during pregnancy. Exclusion crite-
ria detailed in the study protocol included
conditions likely to affect study partic-
ipation or outcomes, contraindications
to interventions or assessments, recent
weight loss, and inability to provide in-
formed consent.

A CONSORT (Consolidated Standards
of Reporting Trials) diagram of partici-
pant flow appears in Supplementary
Fig. 2. Potential participants identified
from the electronic medical records of
KPSC received basic study information by
mail. Those who did not opt out were
contacted for phone screening and, if
deemed potentially eligible, were invited
for in-person screening at the University
of Southern California Clinical Trials
Unit (CTU). In-person screening consisted
of amedical history, physical examination,
laboratory testing, and a 2-h, 75-g OGTT.
Individuals who passed screening were
invited to the CTU on two separate days
for a baseline hyperglycemic clamp and
OGTT. Randomization occurred after suc-
cessful completion of the baseline clamp
and OGTT.

Randomization
Participants were randomized 1:1 to
gastric banding or metformin using per-
muted block randomization stratified by
sex, BMI (30–35 vs. 35–40 kg/m2), and
diabetes status (IGT or diabetes). Indi-
viduals randomized to metformin were
instructed to begin treatment the fol-
lowing day. Individuals randomized to
gastric banding were scheduled for pre-
operative screening with the goal of
performing surgery within 1 month.

Interventions
All participants received 1 h of nutrition
and lifestyle education. Participants ran-
domized to gastric banding received ad-
ditional education about the procedure
and associated dietary restrictions and
had medical and psychological screening
prior to surgery. Gastric bands (LAP-BAND;
Allergan Corporation, Irvine, CA, and
Apollo Endosurgery, Austin, TX) were
placed laparoscopically by an experi-
enced bariatric surgeon. Fluid was
introduced into band ports 2 months
following surgery, and participants were
scheduled for band adjustments every
2 months during the first year, then every
3 months. Adjustments were conducted
according to an established protocol
based on body weight, weight change,
and symptoms of satiety and discomfort.
Body weight was obtained at each
follow-up visit; participants who gained
weight compared with the prior visit
were counseled on compliance with the
prescribed diet by a bariatric dietitian.

Individuals randomized to metformin
received open-label metformin titrated
from 500mg/day to 1,000mg twice daily
over 1 month. Follow-up visits followed
the same schedule as for band patients.
Medication adherence (pill counts on
returned medication bottles) and ad-
verse effects were assessed at each visit;
doses were reduced as needed. Metfor-
min was withheld on the morning of all
study visits until that visit’s procedures
were completed.

Safety was monitored by an indepen-
dent data and safety monitoring board
convened by the National Institute
of Diabetes and Digestive and Kidney
Diseases.

Procedures and Calculations

Hyperglycemic Clamps

An injection followed by variable-rate
infusion of 20% dextrose was used to
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acutely raise plasma glucose to 11.1
mmol/L, clamp it there for 2 h, and
then raise plasma glucose to .25
mmol/L before injection of 5 g of argi-
nine. Plasma for glucose, insulin, and
C-peptide measurements were obtained
before the glucose injection (basal pe-
riod), during the first 10 min after the
glucose injection (acute response pe-
riod), during the last 20 min at plasma
glucose of 11.1 mmol/L (steady-state
period), and before and for 5 min after
the arginine injection (maximum response
period). Acute and maximal responses
were calculated as mean incremental
C-peptide concentrations during the acute
period and response to arginine at max-
imum glycemic potentiation period, re-
spectively. Steady-state concentrations
were calculated as the mean of three con-
centrations during the steady-state period.
Insulin sensitivity (M/I) was calculated
as the ratio of the mean glucose infusion
rate [M] to the mean plasma insulin con-
centration [I] during the steady-state period.

Glucose Tolerance and Glycemia

OGTTswere performed on days separate
from clamps at baseline, 12 months, and
24 months. Fasting glucose and HbA1c
were measured at baseline and every
6 months on trial.

Body Anthropometry

Weight was measured on a calibrated
digital scale. Height wasmeasuredwith a
stadiometer. BMI was calculated as [weight
(kg)]/[height (m)]2. Excess weight was
taken as weight (kg) above weight cal-
culated at BMI of 25.0 kg/m2.

Assays
Glucose was measured using the glu-
cose hexokinase method on a Roche
c501 autoanalyzer. C-peptide and insulin
were measured by a two-site immuno-
enzymometric assay performed on the
TOSOH 2000 autoanalyzer (TOSOH
Biosciences, Inc., South San Francisco,
CA). Interassay coefficients of variation
on quality control samples with low, me-
dium, medium-high, and high concentra-
tions were#2.0% for glucose,#4.3% for
C-peptide, and #3.5% for insulin.

Primary Outcomes
Two prespecified primary outcomes
were chosen to assess different aspects
of b-cell compensation for insulin re-
sistance: 1) C-peptide concentrations
during the steady-state period (steady-
state C-peptide [SSCP]) adjusted for M/I

and 2) acute C-peptide response to ar-
ginine at maximum glycemic potentia-
tion (ACPRmax), also adjusted for M/I.

Data Analysis and Statistics

Sample Size and Power

We selected a sample size that would
allow detection of an effect size of;0.6
or greater between gastric band and
metformin groups for measures of b-cell
function after 2 years, hypothesizing
greater function in the gastric band
group. This effect size was based on
1) our measured effect size of 0.33 for
b-cell function (MINMOD disposition
index) between drug and placebo groups
in the Troglitazone in Prevention of Di-
abetes (TRIPOD) study (5), 2) the similar
protection from diabetes in the TRIPOD
study and the lifestyle arm of the
Diabetes Prevention Program (DPP) (8),
3) weight loss 2 years after gastric banding
projected to be 2–3 times that seen
after 2 years of lifestyle intervention in
the DPP, and 4) the approximately two-
fold greater reduction in diabetes risk in
TRIPOD and the lifestyle arm of the DPP
compared with metformin in the DPP.

Completion of 35 subjects per group
was projected to provide 89% power to
detect an effect size of 0.68 and 80%
power to detect an effect size of 0.59,
assuming a type I error of 0.05, two-sided
testing, and adjustment for baseline
measures using ANCOVA and assuming
a correlation coefficient of 0.5 between
baseline and end-study measures. Each
primary outcome was selected a priori
with no multiple comparison adjustment.
We projected a lost–to–follow-up rate
at 10% per year and, thus, enrolled
88 participants, 44 per group, to achieve
70 participants completing 24-month
clamp studies.

Data Analysis

Analyses were performed according to a
prespecified analysis plan. Baseline char-
acteristics were compared between ran-
domized groups using t tests for means
and x2 or Fisher exact test for propor-
tions. C-peptide, insulin, and insulin sen-
sitivity measures were log transformed
before testing. Geometric means and
95% CI summarized data for these mea-
sures. Baseline characteristics were com-
pared between groups who completed
or failed to complete 24 months using
ANOVA with an interaction term be-
tween treatment group and dropout sta-
tus to test for differential dropout.

Means of the two primary outcomes
adjusted for insulin sensitivity were es-
timated using general linear models with
adjustment for insulin sensitivity on the
log-transformed scale. The primary anal-
ysis was conducted by modified intent-
to-treat (mITT) using data from all
participants who completed the 24-month
test required for the two coprimary out-
comes. Differences between groups at
24 months were compared using general
linear models where baseline values
were included as covariates. Signifi-
cance for within-group change from base-
line to 24 months were assessed using
mixed-effects models to adjust for insulin
sensitivity, or paired t test without
adjustment. A sensitivity analysis was
conducted using imputed data for sub-
jects who missed 24-month visits. Miss-
ing data were estimated using multiple
imputation of data from participants
with 24-month results. Treatment group
assignment, baseline age, sex, race/
ethnicity, BMI, and OGTT fasting and
2-h glucose as well as baseline values
of SSCP, ACPRmax, and M/I were in-
cluded in the multiple imputation using
regression method. Missing outcomes
were imputed 25 times, and results
were summarized and compared using
Robin’s rule (19). Since mITT and sensi-
tivity analysis gave similar results for
the primary outcomes, secondary out-
comes were compared using the mITT
approach. SAS 9.4 (SAS Institute Inc.,
Cary, NC) and R (The R Foundation)
were used for data analysis. All statis-
tical tests were two sided.

RESULTS

Demographic, Physical, and Metabolic
Characteristics
Recruitment letters were sent to 18,861
KPSC patients; 870 completed phone
screening and 151 completed in-person
screening. A total of 88 people com-
pleted baseline testing and were ran-
domized, 44 in each group. Seventy
completed 24-month clamps, with 36 in
the band group and 34 in the metformin
group. Baseline characteristics (Table 1)
revealed good balance between random-
ized groups and no differential dropouts
between groups.

Adherence to Interventions

Gastric Band Group

Six patients refused band placement and
dropped out of the study. Four patients
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had their bands removed, two for symp-
tomatic band slippage after 15 and 21
months on study, one electively after 18
months, and one for lack of weight loss
after 12 months. The first three completed
the study, and the last withdrew after
band removal. See Supplementary Fig. 2.

Metformin Group

Five patients refused to start metformin
and dropped out. Five more dropped
after 2, 6, and 18 months. Eighteen
patients had their dose reduced for ad-
verse effects, primarily gastrointestinal.
Median pill compliance was 72.4% com-
pared with the study target dose of
2,000 mg/day and 87.9% compared
with doses prescribed at each visit, taking
into account dose reductions for side
effects. See Supplementary Fig. 2.

Treatment Effects on Body Weight
In the gastric band group, weight fell
quickly over the first 6 months, then
remained stable for the rest of the study.
(Fig. 1A). Mean 6 SE weight loss at
24 months was 10.76 2.2 kg, represent-
ing 11.06 1.4% of baseline body weight
and 37.46 4.1% of excess body weight.
Individual weight changes over the
24-month study period ranged from a
loss of 38.7 kg to a gain of 1.9 kg.
Participants in the metformin group
lost an average of 1.7 6 0.2 kg by the
end of the study (P# 0.01 vs. gastric band
arm) (Fig. 1A).

TreatmentEffectsonPrimaryOutcome
Measures of b-Cell Function
Plasma glucose concentrations during
clamps appear in Supplementary Fig.
3. The target glucose concentrations
of 11.1 and .25 mmol/L were achieved
during steady-state and maximum re-
sponse periods, respectively. Mean
glucose concentrations during these
periods did not differ significantly be-
tween groups at baseline, 12 months,
or 24 months.

Using data from all patients who had
24-month clamps (Table 2, top), SSCP
adjusted for M/I did not change signif-
icantly in either group between baseline
and 24 months. ACPRmax adjusted for
M/I fell significantly in the metformin
group (P = 0.0002) but not in the gastric
band group. However, there was no
significant intergroup difference in ei-
ther of these coprimary outcomes at
24 months (P . 0.25). For the three
components of the coprimary outcomes,
M/I increased significantly in the band
group (P = 0.0002) and nearly signifi-
cantly in themetformingroup (P = 0.055).
SSCP fell significantly in both groups
(P , 0.012). ACPRmax fell significantly
in the metformin group (P = 0.0001) but
not in the band group. Intergroup differ-
ences for these three component vari-
ables at 24 months were not significant.
Sensitivity analysis (Table 2, bottom)
using multiple imputation for missing

24-month clamp data revealed similar
results.

Figure 2 displays relationships be-
tween SSCP and M/I (Fig. 2A) and ACPR-
max and M/I (Fig. 2B) at baseline,
12 months, and 24 months for partic-
ipants who completed 24-month clamps.
At 12 months, gastric band and metfor-
min groups exhibited 55% (P , 0.0001)
and 45% (P = 0.007) increases, respec-
tively, in M/I. At 24 months, M/I had
declined but remained 45% higher than
baseline in the band group (P = 0.0002)
and 25% higher in the metformin
group (P = 0.055). M/I did not differ
significantly between groups at 12 or
24 months (P . 0.14).

With the increase in M/I, SSCP in the
band group fell from baseline by 14% at
12 months (P = 0.002) and 16% at
24 months (P = 0.0002) (Fig. 2A). In
the metformin group, SSCP fell from
baseline by 7% at 12 months (P =
0.35) and 8% at 24 months (P =
0.012). These reductions tended to par-
allel the relationship observed be-
tween SSCP and M/I at baseline, so that
24-month SSCP levels adjusted for M/I
(Table 2, top) were not significantly lower
than baseline in either group (P$ 0.12).

ACPRmax (Fig. 2B) fell only 3% in the
band group (P = 0.66) and 11% in the
metformin group (P = 0.10) by 12months
and were 9% (P = 0.19) and 16% (P =
0.0001), respectively, below baseline by

Table 1—Demographic, physical, andmetabolic characteristics of study participants at baseline for all randomized participants
and for participants who completed 24-month testing*

Randomized Completed 24 months testing

Gastric band
(N = 44)

Metformin
(N = 44) P value

Gastric band
(N = 36)

Metformin
(N = 34) P value Interaction P value†

Demographics
Female 34 (77) 35 (79) 0.80 29 (81) 27 (79) 0.90 0.60
Age (years) 47 6 10 51 6 9 0.14 47 6 10 52 6 9 0.03 0.10
Race/ethnicity 0.68 0.98 0.96
White 15 (34) 10 (23) 9 (25) 9 (26)
Black 7 (16) 9 (20) 7 (20) 7 (21)
Hispanic 19 (43) 21 (48) 17 (47) 16 (47)
Asian 3 (7) 4 (9) 3 (8) 2 (6)

Anthropometrics
Weight (kg) 97.5 6 12.2 96.1 6 10.9 0.57 97.0 6 12.2 95.9 6 10.5 0.68 0.86
BMI (kg/m2) 35.7 6 2.9 35 6 2.9 0.24 35.7 6 2.9 34.8 6 2.8 0.24 0.89

Glucose status
IGT 25 (57) 26 (59) 0.83 18 (50) 20 (59) 0.46 0.10
Diabetes 19 (43) 18 (41) 0.83 18 (50) 14 (42) 0.46
Fasting glucose (mmol/L) 6.2 6 0.7 6.2 6 0.8 0.88 6.2 6 0.8 6.2 6 0.9 0.69 0.57
2-h glucose (mmol/L) 10.4 6 2.7 10.5 6 2.6 0.78 10.6 6 2.7 10.5 6 2.5 0.89 0.44
HbA1c (mmol/mol) 41.2 6 4.6 40.1 6 4.5 0.28 41.5 6 4.5 40.8 6 4.6 0.52 0.33

*Data are mean6 SD for continuous variables or n (%) for categorical variables. †Interaction P value testing for differential effect of loss to follow-up
between groups.
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24 months. Changes in the band group
tended to parallel the baseline relation-
ship between ACPRmax and M/I (Table
2, top); 24-month ACPRmax adjusted
for M/I was only 7% below baseline
(P = 0.62). By contrast, ACPRmax ad-
justed for M/I in the metformin group
was 18% below baseline at 24 months
(P = 0.002).
Subgroup analyses conducted in par-

ticipants who entered the trial with IGT
or, separately, T2D revealed the same
patterns (data not shown), with no sig-
nificant difference in the two primary
outcomes in either subgroup (all P .
0.25) and no significant interaction be-
tween treatment group and diabetes
status for the primary outcomes.

Treatment Effects on Secondary
Outcomes

Clamp Secondary Outcomes

Clamp steady-state plasma insulin was
well matched between groups at base-
line but significantly lower in the band
group at 24 months (P = 0.02 between
groups). Other clamp parameters, includ-
ing the acute C-peptide response to
glucose, acute insulin response to glu-
cose, maximal insulin response to argi-
nine, and steady-state glucose infusion
rate, were well balanced between groups
at baseline and did not differ significantly
between groups at 24 months. See
Supplementary Table 1.

Glycemic Outcomes

HbA1c (Fig. 1B) fell slightly but signifi-
cantly between baseline and 12 months
in both groups but remained significantly
below baseline at 24 months only in the
band group. Differences between groups
were not significant at any visit. Fasting
glucose fell in both groups by 12 months
(P, 0.002) and remained below baseline
at 24 months in the band group (P =
0.003) and less so in the metformin group
(P = 0.08), with no significant intergroup
differences at any time (P$ 0.55). Two-
hour glucose levels were lower than
baseline only in the band group and
only at 12 months (P = 0.02); levels
did not differ significantly between
groups at any time (P . 0.10). See
Fig. 1 and Supplementary Table 1.

Other Outcomes

Systolic and diastolic blood pressure;
serum total, LDL, HDL, and VLDL choles-
terol; serum total triglycerides; and se-
rum ALT were well matched at baseline.
Blood pressure, total cholesterol, and
LDL cholesterol did not change signifi-
cantly between baseline and 24 months
in either group. HDL cholesterol in-
creased significantly within each group
and similarly between groups. VLDL cho-
lesterol and total triglycerides fell in the
band group but not in the metformin
group. Serum ALT fell in each group and
significantly more in the band group. See
Supplementary Table 2.

Safety Outcomes
Five serious adverse events (SAEs) oc-
curred in four participants in the gastric
band arm and two participants in the
metformin arm. Two participants in the
band arm were diagnosed with breast
cancer 7 and 8 months after randomi-
zation. One of them, and one other
participant in the band arm, experienced
band slippage requiring removal 18 and
23 months after randomization. The fifth
SAE in the band arm was a hospitaliza-
tion for cholecystectomy for acalculous
cholecystitis. In the metformin arm,
one participant was hospitalized after a
traffic accident unrelated to the study
and another was hospitalized for elective
gastric sleeve surgery. Other adverse
events were predominantly gastrointes-
tinal; most occurred in the metformin
arm. See Supplementary Table 3.

CONCLUSIONS

In adults with moderate obesity and
either IGT or mild, recently diagnosed
T2D, gastric banding and metformin
had similar effects to preserve b-cell func-
tion and stabilize or improve circulating
glucose levels over a 2-year period.
More specifically, the interventions caused
approximately 50% increases in insulin
sensitivity within a year; the increases
began to dissipate within another year.
C-peptide responses declined in associ-
ation with improved insulin sensitivity.
The declines appeared to be largely
compensatory, as evidenced by glucose
levels that remained stable or improved
slightly. Additionally, SSCP adjusted for
insulin sensitivity did not change signif-
icantly from baseline in either treatment
group. ACPRmax adjusted for insulin
sensitivity did fall significantly in the
metformin group but not in the gastric
band group. Thus, the initial response
to these two interventions was largely
one of reduced secretory demands on
b-cells, without evidence for improved
b-cell function. Indeed, there was de-
terioration in ACPRmax in the metformin
group.

The pattern of b-cell response to
improved insulin sensitivity observed
in this study is similar to what we
observed previously by administering
thiazolidinediones to increase insulin
sensitivity in women with prior gesta-
tional diabetes mellitus and normal or
impaired glucose levels (5). In that
setting, insulin sensitivity was increased

Figure 1—Body weight (A), HbA1c (B), OGTT fasting (C), and 2-h (D) glucose concentrations over
the course of the study in participants who were randomized to gastric banding (open circles,
n = 36) or metformin (solid circles, n = 34) and who participated in 24-month glucose clamp
studies. Metformin was withheld on the day of each visit. Asterisks denote within-group differ-
ences from baseline (*P, 0.05, **P, 0.01). P values listed as text in the top of each figure denote
intergroup differences. Data are mean 6 SE.
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by 45% within 3 months of initiating
therapy. Total insulin responses during
intravenous glucose tolerance tests fell
by an average of 30%, and fasting glucose
levels fell by only 3%. Thus, the primary
b-cell response was one of autoregula-
tion to maintain relatively constant com-
pensation for insulin resistance, with
little change in glycemia. Follow-up
over approximately 4.5 years revealed
that an early reduction in insulin output,
rather than any early change in glucose
levels, was the strongest predictor of
protection from diabetes. Results from
the DPP suggest that both metformin and
weight loss provide some b-cell protec-
tion over the long term (15). Determining
whether the modest reductions in
C-peptide responses that we observed
in the current study will translate to
long-term b-cell protection will require
additional follow-up.

Gastric banding (20–22) and metfor-
min (23,24) have been shown to improve
insulin sensitivity, b-cell function, and
glycemia in people with fully developed
T2D. In people with IGT or early, mild T2D,
we observed no improvement in b-cell
function and only modest improvements
in glycemia despite large improvements
in insulin sensitivity. Taken together,
these findings suggest that there is an
evolution of b-cell responses to im-
proved insulin sensitivity. Relatively early
in the development of hyperglycemia,
short-term changes in insulin sensitivity
are associated with reduced insulin out-
put, relatively stable b-cell compensa-
tion, and little if any change in circulating
glucose (21,25). Once hyperglycemia is
more fully developed, changes in sensi-
tivity are attended by improved b-cell
compensation and lower glucose levels.
The mechanisms underlying this evolu-
tion are not known but could provide
clues to the fundamental defects in b-cell
function that underlie T2D. For example,
reversal of glucose toxicity could con-
tribute to improved b-cell function in
fully established T2D but may play a
lesser role in the initial development
of hyperglycemia, when reduction of
secretory demands on b-cells may be
more important.

The RISE Consortium recently pub-
lished the effect of 1 year of metformin
treatment on insulin sensitivity and b-cell
function in youth with IGT or recently
diagnosed T2D, using the same glucose
clamp methods reported here (17). Other
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than age, which was 10–19 years for the
youth, the entry criteria for the two
studies were very similar. The cohort
of youth had similar BMI, distribution
of race/ethnicity, and frequency of IGT
and T2D as the adult participants re-
ported here. The youth were consider-
ably more insulin resistant than adults,
as reported previously (26,27). Despite
good compliance with metformin for
1 year, the youth exhibited smaller im-
provements in insulin sensitivity and
continued decline in b-cell function.
The contrasts between these two age-
groups further highlight the need for
development of more potent therapies
to preserve b-cell function in children
and adolescents at risk for T2D.
This study has several unique strengths.

The methods we used to assess b-cell
function are state of the art, allowing
evaluation of multiple aspects of secre-
tory function in relation to directly mea-
sured insulin sensitivity. The moderate
obesity that we chose to study is common
among people with IGT or early T2D and
better suited to gastric banding than
more potent bariatric approaches such
as gastric bypass. The conduct of this
study in the context of the RISE Consor-
tium allowed us to make important com-
parisons between adults and youth, as
described above, and will allow us to
make additional comparisons in adults to
the natural history of b-cell function and
to treatment with glucagon-like peptide

1 agonists or insulin, all of which are
included in the RISE Adult Medication
Study currently underway (16). Impor-
tant weaknesses of this report include
limited power to detect small effects of
each treatment or differences between
them; the relatively short duration of
follow-up, which precludes us from
drawing long-term conclusions about
possible b-cell protection or deteriora-
tion; and lack of a placebo group, which
limits our current ability to determine
if the interventions changed the natu-
ral history of b-cell function. Also, we
observed an overall loss to follow-up of
20% for our two primary outcome var-
iables. We designed the study to accom-
modate such a loss, which appeared to
be random, and analyses with and with-
out imputation for missing data gave
essentially the same results. Thus, we
do not believe that loss to follow-up
impacted our results in any important
way.

In summary, in adults with mild to
moderate obesity and IGT or recently
diagnosed, mild T2D, gastric banding
and metformin treatment for 2 years
had similar effects to improve insulin
sensitivity. C-peptide responses fell in a
pattern that maintained relatively sta-
ble compensation for insulin resistance,
and glucose levels improved only slightly.
Whether these changes, which resulted
in mild reductions in b-cell secretory
demands, will result in any long-term

preservation of b-cell function remains
to be determined.
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